Introduction
============

The liver is the largest organ in the human body, with a complex architecture and many functions. Its major functions are homeostasis, glucose and lipid metabolism, detoxification, production of serum proteins, and secretion of bile. Hepatocytes, comprising 80% of the liver volume and 50\~60% of liver cells, play a central role in liver function and have a capacity for regeneration ([@b1-ijsc-08-36]). When hepatocytes are extensively damaged, liver function decreases causing liver failure. Liver failure, in association with multiple organ failure, is a significant cause of morbidity and mortality for which liver transplantation is considered the ultimate treatment. However, a shortage of donors, the relatively risky operation and the high cost reduce the benefits of liver transplantation. Liver diseases account for 2.5% of total deaths in the world, and their incidence and the health burden they impose are continuously increasing ([@b2-ijsc-08-36]). To fill the gap between organ availability and demand, and to reduce the health burden, alternatives to liver transplantation are urgently needed. Cell transplantation, liver support systems and liver tissue engineering are potential alternatives. Successful cell transplantation hinges on finding adequate sources of cells capable of engrafting and proliferating to reconstitute the recipient organ. Since primary hepatocytes are the preferred cells but proliferate poorly in vitro, microenvironments promoting their multiplication are also being intensively investigated. In addition, bio-artificial liver devices, tissue engineering products created by seeding cells into decellularized organ scaffolds, as well as 3-D bioprinting, also require an effective and reproducible source of hepatocytes. Recently, hepatocytes differentiated from stem cells have shown great promise in cell-based therapy. In addition to being alternatives to organ transplantation, liver tissue engineering and stem-cell-derived hepatocytes may provide new approaches to toxicology and drug screening ([@b3-ijsc-08-36]). In this review, we will describe the various types of cells available for cell transplantation, including those based on stem cells, and summarize recent advances in liver support systems and liver tissue engineering.

Cell sources
============

Major challenges in liver support therapy are the limited availability and efficacy of cell sources. Various cell types are being investigated as efficient sources of hepatocytes for liver support system, cell transplantation and tissue engineering. Among them are primary human and porcine hepatocytes, tumor-derived and immortalized cell lines, adult and embryonic stem cells, fetal hepatoblasts, oval cells and stem cell-derived hepatocyte-like cells ([Table 1](#t1-ijsc-08-36){ref-type="table"}).

Primary human hepatocytes and hepatocyte transplantation
========================================================

Primary human hepatocytes are used for hepatocyte transplantation by direct infusion of isolated cells, which has advantages over whole organ transplantation in being less invasive, less expensive, and more reproducible. There have been numerous animal studies and clinical trials investigating the use of this procedure in metabolic liver diseases, acute hepatic failure and chronic liver diseases.

Among the results from the studies of treating Wilson's disease and other metabolic liver diseases, those obtained for tyrosinemia, hypercholesterolemia, Crigler-Najjar syndrome and urea cycle defects are the most promising. The consequences of a single gene mutation can be treated by grafting hepatocytes expressing the gene, since production of only 5\~15% of the missing protein can be enough to correct the deficiency. Up to 2012, 10 cases of urea cycle disorders that had been treated by hepatocyte transplantation have shown a reduction in ammonia levels, although most of the patients had eventually to receive orthotopic liver transplants (OLT) due to decreased efficacy over time ([@b4-ijsc-08-36]). These results are promising in that hepatocyte transplantation is effective at least for temporary treatment of various metabolic liver disorders.

By contrast, the results of clinical studies of hepatocyte transplantation for acute liver failure aimed at bridging the time gap prior to OLT are not promising, as such ([@b4-ijsc-08-36]). The number of hepatocytes that can be transplanted safely in acute liver failure has not been sufficient to restore hepatic function. It is also doubtful whether functional engraftment would be achieved on a clinically relevant time scale in the acute setting. Besides, about 40% of patients with acute liver failure recover spontaneously with only medical management ([@b5-ijsc-08-36]).

Clinical investigations in chronic liver disease have yielded even worse results due to the fact that the damaged parenchymal architecture is far from ideal for the engraftment of sufficient numbers of cells. Currently, no further clinical studies are being carried out in this area ([@b4-ijsc-08-36]). However, a study by Yovchev et al. ([@b6-ijsc-08-36]) on a rat model showed that transplanted epithelial stem and progenitor cells could repopulate the lost liver parenchymal cells that had been replaced with fibrotic tissue, and had antifibrotic effects, which raised the hope for patients with liver cirrhosis. Komori et al. ([@b7-ijsc-08-36]) have examined the possibility of transplanting hepatocytes into other organs instead of into livers that are not suitable for engraftment due to chronic disease or acute failure. In their experiments, direct injection of hepatocytes into a single lymph node rescued mice with fatal metabolic liver disease by generating a sufficient ectopic mass of liver. Ectopic hepatocyte transplantation could open new vistas for hepatocyte transplantation research aimed at saving patients with end-stage cirrhotic liver disease.

Nonetheless, various barriers must be overcome before hepatocyte transplantation can be accepted as a routine clinical treatment ([@b8-ijsc-08-36]). Even though a single donor liver can provide enough hepatocytes for multiple recipients, and marginal or neonatal donors not suitable for whole-organ transplantation can be used, the lack of an adequate source of viable hepatocytes limits the wider application of clinical hepatocyte transplantation ([@b9-ijsc-08-36]). Moreover, primary adult hepatocytes have a minimal ability to multiply in vitro and rapidly lose their structure and function after isolation. In vitro models such as sandwich and spheroid cultures have been developed to prevent functional deterioration of hepatocytes ([@b10-ijsc-08-36]), but adult hepatocytes in culture are still not able to express all differentiated functions and often lack many enzymes, transporters, and cytochrome P450 enzymes. The engraftment and long-term survival of hepatocytes also need to be improved ([@b9-ijsc-08-36]). In addition, immunosuppressive treatment accompanying hepatocyte transplantation has not yet been optimized ([@b11-ijsc-08-36]). Therefore, the search for alternative cell sources of both hepatic and non-hepatic origin has received much attention ([@b12-ijsc-08-36]). Likely sources are hepatocyte cell lines, xenogeneic hepatocytes and hepatocytes derived from stem or fetal cells.

Porcine hepatocytes
===================

Porcine hepatocytes are most frequently used in bio-artificial livers (BAL) and implantable devices as porcine livers are readily available and their hepatocytes are metabolically similar to human liver cells. Such xenogeneic cells are effective for cell transplantation under specific pathogen-free conditions. Transplanted porcine hepatocytes were metabolically active for more than 80 days in a Cynomolgus monkey model submitted to an effective immunosuppression regime ([@b13-ijsc-08-36]). In addition to their availability, porcine hepatocytes seem to be less immunogenic than whole organ transplant, so that xenotransplantation is a potential solution for hepatocyte transplantation ([@b14-ijsc-08-36]). However, transfer of zoonotic diseases ([@b15-ijsc-08-36]), protein-protein incompatibility between species and possible immune responses generated during treatment remain challenges for the use of xenogeneic hepatocytes ([@b16-ijsc-08-36]). The physiologic disparity between humans and pigs compels the search for alternative cell sources.

Human hepatocyte cell lines
===========================

In order to enhance cell availability and in vitro proliferation, tumor-derived hepatocyte cell lines and immortalized cells have been investigated. While they have unlimited expansion potential, these cell lines also have low activities for some essential hepatocyte functions ([@b17-ijsc-08-36]). Human tumor-derived cell lines can be used in BALs. For example, the Extracorporeal Liver Assist Device (ELAD) uses the cell line C3A, which was developed from HepG2, a human hepatoma cell line ([@b18-ijsc-08-36]). Studies have shown that C3A cells synthesize elevated levels of albumin and alpha fetoprotein, and have high nitrogen-metabolizing ability as well as being capable of multiplying extensively. However, their ammonia removal, amino acid metabolism, cytochrome P450s and drug-metabolizing functions remain low mainly because of the absence of the complete urea enzyme complex and reduced numbers of mitochondria ([@b19-ijsc-08-36]). A pilot controlled clinical trial of the C3A cell line yielded no improvement in survival and biochemical parameters ([@b20-ijsc-08-36]). The possibility of transmitting tumorigenic products or agents and possible complications arising from this are other major concerns ([@b21-ijsc-08-36]). Immortalized human hepatocyte cell lines have been developed by transfection of primary hepatocytes with Simian Virus 40 T antigen (SV40 T antigen) in the hope that they would be more functional than HepG2, while proliferating rapidly ([@b22-ijsc-08-36]). However, these cell lines have similar low activities, and the risk of potential tumorigenic effects remains and limits their use as implantable tissue ([@b17-ijsc-08-36]). Therefore, it is important to develop systems whose growth can be tightly regulated so as to prevent malignant transformation. One approach involves reversible immortalization, in which retrovirus-transferred oncogenes (SV 40T antigen) are excised by site-specific Cre/LoxP recombination after immortalization. In addition, inserting a suicide gene such as *HSVTK* to make the immortalized cells sensitive to anti-viral drugs such as Ganciclovir has been suggested as a safeguard against possible uncontrolled tumorigenic effects of oncogenes ([@b23-ijsc-08-36]). However, potential obstacles include possible inhibition of suicide gene transcription by promoter methylation and DNA damage accompanying Cre/lox recombination. More extensive research is needed to ensure the long-term safety and fully differentiated function of these cell lines.

Human fetal hepatocytes
=======================

Human fetal hepatocytes have a higher proliferation capacity than adult hepatocytes when transplanted, as well as in vitro. Hence they have been immortalized by transfection (SV40T, hTERT) ([@b24-ijsc-08-36]) to increase their availability ([@b25-ijsc-08-36]). However, fetal hepatocytes are not suitable to be employed in clinical treatment regimens in BALs, as they have lower capacities for ammonia elimination (49%) and urea production (1.1%) than primary hepatocytes. Human fetal liver cells have yielded modest clinical improvements in acute liver failure in a few studies ([@b26-ijsc-08-36], [@b27-ijsc-08-36]), and fetal liver transplantation has shown some promise ([@b28-ijsc-08-36]). However problems with the availability of fetal hepatocytes, their possible tumorigenicity and their incompletely differentiated nature remain to be resolved before they can be used clinically, and ethical concerns need also to be addressed ([@b29-ijsc-08-36]).

Oval cells
==========

In the field of liver regeneration, oval cells have been suggested as hepatic stem/progenitor cells that proliferate rapidly when hepatocytes are exhausted due to prolonged injury, or when their multiplication is experimentally inhibited ([@b30-ijsc-08-36]). Anatomically, these cells reside in the area called canals of Hering, which are terminal branches of biliary trees, and produce a mixture of the molecular markers of adult hepatocytes, cholangiocytes and fetal hepatoblasts ([@b31-ijsc-08-36]). In the rat model of liver injury involving 2-acetylaminofluorene and partial hepatectomy, oval cells gave rise to hepatocytes and bile duct cells and expressed spatio-temporally specific hepatocyte and cholangiocyte lineage markers ([@b32-ijsc-08-36]). As in adult hepatocytes, the repopulation capacity of oval cells is low in livers when the transplanted cells have no selective advantage ([@b33-ijsc-08-36]) but when they are transplanted into FAH-deficient mice, these cells repopulate the liver as efficiently as adult hepatocytes ([@b34-ijsc-08-36]). There has been widespread agreement that oval cells are the progeny of some kind of adult hepatic stem cell, though the nature of this stem cell population is unclear ([@b35-ijsc-08-36]). However, a recent study has provided evidence that hepatocytes are not derived from oval cells but only from preexisting hepatocytes ([@b36-ijsc-08-36]). It is not known whether this shift in paradigm is applicable to the human liver as well. The potential of oval cells for self-renewal, binary differentiation, and functional tissue replacement remains open to question in the light of these conflicting reports.

Stem cells
==========

Adult, embryonic and induced pluripotent stem cells have all been intensely studied for their ability to differentiate into liver cells. Unlike primary hepatocytes, their high proliferation potential along with their pluripotency makes them scalable for cell-based therapy and tissue engineering. However, which stem cell populations are most promising clinically remains unclear.

Adult stem cells (Mesenchymal stem cells, BM derived hepatocytes)
=================================================================

Adult stem cells of non-hepatic origin are often preferred for stem cell-based therapies, cell transplantation and implantable devices, since they carry no risk of teratoma formation and are of less ethical concern than embryonic stem cells. Bone marrow (BM)-derived hematopoietic stem cells have been investigated as possible sources for hepatocyte differentiation, and were found to be as effective as adult hepatocytes in repopulating the liver in the FAH-deficient mouse model ([@b37-ijsc-08-36]). However, correction of the deficiency was attributable to fusion of host hepatocytes with the introduced BM-derived cells, not to transdifferntiation of the latter ([@b38-ijsc-08-36]). Indeed BM-derived hematopoietic stem cells contributed little to hepatocyte formation. On the other hand, another stem cell population called mesenchymal stem cells (MSC), derived from bone marrow and other locations including cord blood and adipose tissue, is being investigated for use in the treatment for liver diseases. MSCs, also known as multipotent adult progenitor cells (MAPCs) or multipotent mesenchymal stromal cells, which are plate-adhering, fibroblast-like cells, display hepatogenic and biliary differentiation potential in vitro ([@b39-ijsc-08-36]) and have shown evidence of reducing inflammation and improving the clinical scores of liver disases ([@b40-ijsc-08-36], [@b41-ijsc-08-36]). In animal studies, direct injection of MSCs into damaged liver was able to generate hepatocyte-like cells. Human MSCs from bone marrow displayed the characteristic cuboidal morphology and specific capabilities of hepatocytes, such as glycogen storage and urea synthesis following activation of hepatocyte-specific gene promoters in vitro. When transplanted into the livers of immune-deficient mice, these cells repaired the injured liver by engrafting mainly in the periportal region of the liver lobule. After regional integration, they retained the abilities of hepatocytes to store glycogen and produce phosphoenolpyruvatecarboxykinase, connexin 32, albumin, and the human hepatocyte-specific antigen, HepPar1 ([@b42-ijsc-08-36]). While in vivo hepatic repopulation through transplantation of MSCs needs further confirmation, the trans-differentiation of MSCs to myofibroblasts at the site of liver injury has aroused major concerns ([@b43-ijsc-08-36]), and efforts have been made to prevent the possible formation of myofibroblasts and increase the repopulation efficacy ([@b44-ijsc-08-36], [@b45-ijsc-08-36]). Obtaining sufficient quantities of mature hepatocytes from stem cells for clinical treatment is a challenge that none of the available protocols is able to meet. Also, the current protocol for inducing differentiation involves complex growth factors and supplements, which increases the cost of the therapy. Hopefully, as recent studies on the therapeutic effects of MSCs in acute liver failure and cirrhosis suggest, the regenerative outcomes will turn out to be mainly due to the release of trophic and immunomodulatory factors such as IL-10 rather than to hepatocyte repopulation ([@b46-ijsc-08-36]).

Embryonic and induced pluripotent stem cells
============================================

Embryonic stem cells (ES cells) have advantages over other cell sources due to their ability to differentiate into cells of all three germ cell layers, and their high capacity for proliferation in vitro. There are several reports of the differentiation of ES cells into hepatocyte-like cells that can be used in bioartificial liver (BAL) devices that buy time for liver transplantation and allow a diseased liver time to recover, without the potential zoonoses associated with using porcine hepatocytes ([@b47-ijsc-08-36]). However, current protocols have failed to perform on a large scale, thus limiting further application of ES-derived hepatocytes in BALs. Other issues about using ES cells for cell based therapy are concerns about immunocompatibility and possible teratoma formation by non-differentiated cells, as well as ethical considerations ([@b48-ijsc-08-36]). In order to avoid the ethical and immune issues raised by the use of ES cells, procedures have been developed for inducing pluripotent stem (iPS) cells to develop from fibroblasts or cells of other embryonic germ cell layers by manipulating them genetically to express oncogenic genes ([@b49-ijsc-08-36]). Efforts to develop iPS cells into hepatocytes by exploiting small molecules or mechanical stress to induce their maturation into hepatocyte-like cells have raised the possibility of ex vivo maturation ([@b50-ijsc-08-36]). However, despite these remarkable developments, the use of viral vectors, alterations of cell cycle regulation, and risk of teratoma formation all hinder the application of iPS cells in liver regenerative therapy ([@b51-ijsc-08-36]). However, ES and iPS cell-derived hepatocytes and other cell lineages will be useful in pharmacological research and toxicity screening studies and may eventually play a role in cell based therapies ([Fig. 1](#f1-ijsc-08-36){ref-type="fig"}) ([@b52-ijsc-08-36]).

Induced hepatocyte-like cells, hepatoblast-like cells (Direct differentiation)
==============================================================================

Induced hepatocyte-like cells (iHep) are cells derived directly from nonhepatic adult cells such as fibroblasts. In an animal study, mouse fibroblasts were directly reprogrammed by the combined expression of various transcription factors, including Hnf4a plus Foxa1, Foxa2, or Foxa3 ([@b53-ijsc-08-36]), and Gata4, Hnf1a, and Foxa3 along with inactivation of p19^ARF^ ([@b54-ijsc-08-36]). This technique has the great advantage of bypassing complicated steps such as generating iPS cells and developing them into functional hepatocytes. iHep cells are morphologically similar to adult hepatocytes and express hepatic genes in response to over-expression of the above-mentioned hepatocyte lineage transcription factors. In murine models, iHep cells were capable of engrafting in diseased livers and reconstituting hepatic tissue, so rescuing the lethal phenotype of Fah^−/−^ mice ([@b53-ijsc-08-36], [@b54-ijsc-08-36]). Like iPS cells, these hepatocyte-like cells might provide an autologous source of stem cells that would not require immune suppression. Promisingly, reprogramming of human fibroblasts to hepatocytes possessing key metabolic functions was also achieved by expressing FOXA3, HNF1A, and HNF4A ([@b55-ijsc-08-36]) or a combination of HNF1A, HNF4A, and HNF6 together with the maturation factors ATF1, PROX1, and CEBPA ([@b56-ijsc-08-36]). These reprogrammed cells possess the theoretical advantages of being less likely to form tumors since they are generated from fibroblasts without going through a pluripotent stage, and of not expressing the pluripotency genes *OCT4* and *NANOG* ([@b57-ijsc-08-36]). This direct reprogramming strategy has also been applied to mouse embryonic fibroblasts, producing hepatoblast-like cells called induced hepatic stem cells (iHepSCs) by introducing Hnf1b and Foxa3 ([@b58-ijsc-08-36]). These iHepSCs were able to differentiate into both hepatocytes and cholangiocytes in vitro and in vivo, suggesting that they could be an expandable source of functional hepatocytes. Though the ability to generate functional hepatocytes or hepatic stem cells from pluripotent/multipotent cells, or from reprogrammed somatic cells, is encouraging, more investigation of their final differentiation, functional stability and safety is needed before these cells can be used in liver tissue engineering.

Functional stability of isolated hepatocytes in vitro
=====================================================

The rapid functional deterioration of primary isolated hepatocytes and hepatocytes differentiated from either ES or iPS cells is the major obstacle to using them as cell sources. Since hepatocyte function is plastic and largely regulated by the surrounding, the effects of extracellular signaling molecules, cell-cell interactions, cell-matrix interactions and physical factors are being intensively investigated ([@b59-ijsc-08-36]). The approaches being tried include culture on arginine-free medium, on floating collagen membranes, on various types of extracellular matrix materials, and in the presence of dimethyl sulfoxide. Extracellular matrices resembling the architecture of the hepatic perisinusoidal space, and co-culture of hepatocytes with non-parenchymal cells, have been the favorite strategies for mimicking in-vivo conditions ([@b60-ijsc-08-36]). Interestingly, collagen-sandwich systems have been found to be capable of maintaining cell morphology, such as the formation of bile canaliculi, and the secretion of albumin and transferrin for extended periods, while the cells survive for longer than in monolayer gels ([Fig. 2](#f2-ijsc-08-36){ref-type="fig"}) ([@b61-ijsc-08-36]). Microarray gene expression analysis has shown that "double gel" culture is superior to single layer culture in terms of metabolic and synthetic functions ([@b62-ijsc-08-36]). The stable long-term retention of mature liver functions, such as albumin secretion, cytochrome P450 enzyme activity ([@b63-ijsc-08-36]), and production of junctional complex proteins, is strongly influenced by cell-cell interactions in co-cultures, though the mechanism involved are unknown ([@b64-ijsc-08-36]). In order to generate the heterotypic interaction between liver parenchymal cells and non-parenchymal cells, which has a profound role in liver physiology, various liver-derived cells such as biliary epithelial cells and stellate, endothelial and Kupffer cells have been co-cultured with hepatocytes. Non-liver derived cells such as human fibroblasts, aortic endothelium, lung epithelium and dermal fibroblasts are also candidates for co-culture ([@b65-ijsc-08-36]). Approaches that do not mimic the biological situation are also being investigated, such as co-culture with non-liver derived cells, use of non-biological subcellular components and 3D cultures ([@b66-ijsc-08-36]). The development of a culture model that maintains the phenotypic stability and scalability of hepatocytes could improve BAL design and provide improved platforms for the study of hepatic function.

Liver support systems
=====================

Liver support systems are extracorporeal devices, categorized as non-biological and bio-artificial liver support systems, which support regeneration of the patient's liver and buy time until a suitable donor organ is available. The goal of these support devices is to replace liver function in patients with acute, acute-on-chronic and end-stage chronic liver failure. While the non-biological liver support systems are only designed to perform the role of detoxification not the synthetic and metabolic functions of the liver, the bio-artificial systems contain living cells and bioreactors that can carry out these additional roles.

Non-biological liver support systems
====================================

The idea behind artificial liver support systems is that acute liver failure or acute on chronic liver failure can be treated by filtering and adsorbing accumulated toxins not cleared by the nonfunctioning liver ([@b46-ijsc-08-36]) These systems are based on the same concept as kidney dialysis systems, and purify the blood by albumin dialysis or plasma separation and filtration. They remove not only water-soluble substances, but also lipophilic, albumin-bound substances, such as bilirubin, bile acids, metabolites of aromatic amino acids, medium-chain fatty acids and cytokines. Clearance of those substances that inhibit liver regeneration and cause damage to other vital organs such as brain, kidney, lung and heart is important. The Molecular Adsorbent Recirculating System (MARS, Gambro Americas, Lakewood, CO), Plasma Separation Adsorption and Dialysis system (Prometheus, Fresenius Medical Care, Bad Homburg, Germany), single-pass albumin dialysis (SPAD), and selective plasma filtration therapy (SEPET) are included among these systems. The MARS and Prometheus have been widely used at the bedside. The former consists of a double-circuit system, one circuit with a haemodiafilter and the other with albumin as the acceptor for albumin-bound toxins, which can remove both water soluble and lipophilic molecules. Although studies have shown positive effects on liver failure ([@b67-ijsc-08-36]), this device is mainly used to supply a temporary bridging function. The fractionated plasma separation and adsorption system (Prometheus) is also a double-circuit system, and consists of a blood circuit and a plasma circuit separated by an albumin-permeable polysulfone membrane. The plasma fraction passes into the absorbents that comprise an anion exchanger and a neutral resin in which the albumin-bound toxins are directly purified, while the blood circuit is exposed to high-flux dialysis to remove water soluble toxins ([@b68-ijsc-08-36]). Although the Prometheus has proven to be efficient at lowering serum levels of bilirubin, bile acids, ammonia, creatinine and urea without affecting hemoglobin and platelet levels ([@b69-ijsc-08-36]), no statistically significant improvement in survival of patients treated with these devices has yet been demonstrated.

Bioartificial liver support systems (BALs)
==========================================

Though artificial livers can remove liver toxins up to a point, their inability to carry out the metabolic functions of the liver such as ureagenesis, protein synthesis, gluconeogenesis, enzymatic detoxification, and immune modulation makes it difficult for them to replace a nonfunctioning liver. Thus, bioartificial liver systems, which incorporate living liver cells into an extracorporeal device, are regarded as the ultimate liver support system by many investigators. In order to perform functions other than detoxification, viable hepatocytes are placed in a 3D network of hollow fibers designed for plasma perfusion. The bio-reactors have been specifically developed to provide optimal conditions for the activities of living liver cells. More importantly, they permit the growth of hepatocytes and are easy to handle. There exist several bioartificial liver support devices designed for clinical use, and they generally employ primary porcine hepatocytes, human hepatocytes or tumor-derived cell lines. The HepatAssist^TM^ system (Alliqua Inc., Langhorne, PA, USA), the most widely used BAL device, used cryopreserved porcine hepatocytes within a modified dialysis cartridge where the patients' plasma encounters the hepatocytes across a micro-porous membrane. This device was proved to be safe, and provided a survival benefit to a subgroup of fulminant and subfulminant hepatic failure patients, in a large multi-center phase 2/3 RCT ([@b70-ijsc-08-36]). In a similar set-up, the Extracorporeal Liver Assist Device (ELAD^®^; Vital Therapies Inc., San Diego, CA, USA) uses the immortalized hepatoblastoma cell line C3A, which provides liver enzymatic activities and was found to improve bilirubin and ammonia levels and hepatic encephalopathy ([@b71-ijsc-08-36]). Other designs of BAL include the AMC-BAL (Academic Medical Center, Amsterdam, Netherlands) and the MELS (Modular Extracorporeal Liver Support System, Charité, Berlin, Germany), whose clinical efficacy is being evaluated ([@b72-ijsc-08-36], [@b73-ijsc-08-36]). However, the membranes separating cells from plasma are unable to achieve sufficientin-vivo perfusion rates, and there is a lack of sources of reliable, safe, functionally active and strongly proliferating human cells. These factors prevent the BAL from being the ultimate liver support system ([@b74-ijsc-08-36]). Hence, cell transplantation and bioengineering concepts are being investigated that would permit closer contact between hepatocytes and patients' blood, to allow for better mass exchange ([@b73-ijsc-08-36]).

Decellularization-Recellularization
===================================

In the field of bioengineering, perfusion-decellularization is the most reliable method of obtaining decellularized whole-organ scaffolds for use as structures for organ bioengineering. During decellularization, cells and other immunogenic molecules such as DNA and alpha-Gal epitopes are removed and the extracellular matrix remains as a scaffold for the seeding of candidate cells. 3D microstructure is very important for liver function, because it provides a vascular framework and biliary system. The extracellular matrix proteins are unlikely to induce immune reactions, even in allogenic or xenogenic systems, since they are considered to be highly conserved across species ([@b75-ijsc-08-36]). It has been possible to repopulate a non-immunogenic biomatrix of porcine livers with the autologous cells of a patient waiting for a liver transplant. Badylak and his group ([@b76-ijsc-08-36]) were the first to propose a qualitative definition of the term decellularization. Currently, the decellularization of livers to obtain the extracellular matrix is primarily achieved by perfusion with alkaline detergents in combination with enzymatic agents ([@b76-ijsc-08-36]). Recellularization strategies combine current cell isolation and culture techniques with methods developed for extracorporeal organ perfusion: after seeding cells into the decellularized liver matrix, the neo-organ goes through maturation and after maturation in the bioreactor, the bioengineered graft can be implanted without a requirement for lifelong immunosuppressive therapy and its numerous adverse effects. Uygunet. al. were the first to publish a study of the implantation of a recellularized liver graft in rat liver transplantation models ([@b77-ijsc-08-36]). Soto-Guiterez, and Baptista have also been achieving progress in the decellurization-recellularization method using animal models ([@b78-ijsc-08-36], [@b79-ijsc-08-36]). Recently, Barakat et al. developed a humanized liver organ using decellularized porcine liver and human fetal hepatocytes co-cultured with human fetal stellate cells ([@b80-ijsc-08-36]). The greatest advantage of this technique in comparison with other tissue engineering approaches that require the reconstruction of vascular integrity, is the fact that a vascular framework is retained during decellularization. In relation to recellularization, the variety of potential cellular sources derived from embryonic, fetal or autologous induced pluripotent stem cells creates new possibilities. However, further evaluation to ensure clinically relevant safety and efficacy is needed in order for this technique to be an alternative route to overcoming the shortage of organs for organ transplantation and the burden of lifelong immunosuppressive therapy.

Bioprinting of liver
====================

3D bioprinting is a recent advance in tissue engineering that enables the accurate construction of complex parenchymal organ structures, including a complex vascular tree network ([@b81-ijsc-08-36]). The idea of printing biological materials such as collagen, fibronectin suspensions and cells was first suggested by Klebe in 1988 ([@b82-ijsc-08-36]). Recent 3D organ printing uses additive biofabrication techniques to build 3D spheroids by a layer-by-layer approach using cell suspensions as liquid "bioink" ([@b83-ijsc-08-36]). For hepatic constructs, Robbins et al. introduced metabolically active 3D hepatic tissue built by the NovoGen MMX Bioprinter^TM^ (Organovo Holdings, Inc., San Diego, CA, USA). These workers achieved increased liver specific function lasting for up to 135h, and compartment-specific organization, along with a primitive hepatocyte microanatomy of hepatic stellate cells and endothelial cells ([@b84-ijsc-08-36]). Other research groups including us have used the solid free-form fabrication technique to print an organized 3D architecture of alginate-encapsulated HepG2 cells including growth factors and scaffold materials ([Fig. 3](#f3-ijsc-08-36){ref-type="fig"}) ([@b85-ijsc-08-36]). The development of artificial livers seems feasible given the rapid progress in tissue engineering and bioprinting techniques.

Conclusions and perspectives
============================

So far, the ultimate treatment for liver diseases has been liver transplantation, which has the problem of donor organ shortage and high costs. In order to lighten the burden and bridge the gap until a donor liver appears, or even to create alternative treatments, hepatocyte transplantation, liver support systems and 3D organ printing are being studied. The clinical need for healthy functional hepatocytes, not only for correcting metabolic liver diseases but also for treating acute liver failure and chronic liver diseases such as hepatocellular carcinoma and liver cirrhosis, has led researchers to focus on identifying eligible cell sources. Primary adult hepatocytes were among the first to be used, but now hepatocyte-like cells directly differentiated from cells of non-hepatic origin are being investigated. The functional efficacy and safety of candidate cells is the main issue in terms of finding adequate cell sources, on top of the ability to culture functional differentiated cells on a large scale. We need to understand in more detail the fundamental molecular pathways involved in the differentiation of hepatocytes and cholangiocytes from stem/progenitor cells, as well as the factors that are responsible for the in vitro differentiation of various types of stem cell into hepatocytes. The role of oval cells in response to liver injury and the issue of their status as hepatic stem/progenitor cells must be clarified. In order to achieve functionally stable isolated in vitro hepatocytes systems, we may anticipate the development of co-culture models and 3D extracellular matrices. The paucity of safe and functionally active sources of hepatic cells, and the considerable expense involved, have held back the wider clinical application of BALs, and created a need for more physiologic ways for the cells to make contact with patients' plasma. Consequently, bioengineering has claimed a role in the liver regeneration field and the treatment of liver diseases by providing decellularization-recellularization methods for maintaining the anatomical structure of organs, and allowing hepatic cells to form physiological contacts. Further advance in the safety and clinical relevance of this technology are to be expected. The even more advanced technology of 3D bio-printing raises the hope of being able to actually print functional artificial livers. More enrichment in bio-engineering and in basic understanding of the differentiation of stem cells into hepatocytes will complete the building blocks required for developing alternatives to liver transplantation.
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![Undifferentiated human ES cell derived hepatocyte colony was made by coculture on mitomycin treated NIH 3T3 J2 cells. AFP (A) and albumin (B) were stained with the hepatocytes in the colony. Nuclear staining (C) and merged image (D) showed various differentiation status of human ES derived hepatocytes (magnification; ×200) ([@b54-ijsc-08-36]).](ijsc-08-36f1){#f1-ijsc-08-36}

![Typical morphology of the cultured mouse hepatocytes with collagen double gel culture system. Arrows indicate bile canaliculi structure within mouse hepatocytes and cultured hepatocytes showed polygonal shape. Binuclear hepatocytes were present with very clear cytoplasmic margin (magnification; ×200) ([@b63-ijsc-08-36]).](ijsc-08-36f2){#f2-ijsc-08-36}

![3D printed hepatic structure was made by 3D bioprinting machine. RFP expressing HepG2 cells were alive in the 3 D printed hepatic structure for over 7 days (magnification; ×200).](ijsc-08-36f3){#f3-ijsc-08-36}

###### 

Characteristics of various potential cell sources

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cell type                         Usage                            Benefits                               Limitations and risks
  --------------------------------- -------------------------------- -------------------------------------- ---------------------------------------------------------------------------------------
  Primary human hepatocytes         Cell transplantation             Compatibility                          Limited availability, Difficult isolation, Poor in-vitro multiplication

   Rapid functional deterioration                                                                           

  Porcine hepatocytes               Bioartifical liver               Availability                           Functional deterioration in vitro

   Limited biocompatibility                                                                                 

   Immunogenicity                                                                                           

   Risk of xenozoonoses                                                                                     

  Cell lines                                                                                                

   Tumor-derived cell lines         Bioartifical liver               Unlimited expansion potential          Low functional activity

   Immortalized cell lines           Possible tumorigenic activity                                          

  Human fetal hepatocytes           Cell transplantation             Extensive in vitro proliferation       Ethical issues

   Limited availability                                                                                     

   Possible tumorigenicity                                                                                  

  Oval cells                        Cell transplantation             Bi-potent, Liver stem cell             Controversy over existence

  Stem cells                                                                                                

   Embryonic stem cells             Cell transplantation             Pluripotency, Proliferation capacity   Lack of standardized protocol for obtaining scalable amounts of differentiated cells\
                                                                                                            Poor understanding of differentiation process

   Mesenchymal stem cells                                                                                   

   Induced-pluripotent stem cells                                                                           

  Induced hepatocyte-like cells     Needs more investigation         Bypassing complicated steps            Functional stability and safety not proven

   Autologous source                                                                                        

   Less tumorigenic                                                                                         
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
